The parametric quantification of geological bodies from high-resolution seismic data helps in understanding and predicting their occurrences, but is often hampered by layer distortions caused by post-depositional processes. A method called GeoTime cube is presented that overcomes this by creating a seismic volume between two time-equivalent geological markers in which the vertical axis corresponds approximately to relative geologic time. This volume is no longer affected by post-depositional deformations, a feature that greatly facilitates the extraction of sedimentary elements of interest. A case study of a fluvio-estuarine reservoir from Suriname demonstrates how fluvial point bars, channel fills and crevasse splays can be extracted from the GeoTime cube. Their geometries are quantified with the help of recent analogues. Meandering rivers are found to show relatively constant curvatures and a characteristic spacing of their meander loops. Cubic splines are found to be suitable parametric descriptors of such river paths. Point bars are their main depositional product and can be approximated by two intersecting circle segments, representing the initial and the final position of the meander loop. The axis joining the circle centres corresponds to the direction of accretion, and the normals to these axes describe the drainage trend. Knowing these parameters from a limited area can be used to stochastically model the meander belt in the up-and downstream direction.
High-resolution three-dimensional seismic (3D HRS) data can provide unique insights into sedimentary systems through their structure (Bakker 2002 ). They will never exhibit the same amount of detail as seen in outcrops, but their true 3D nature adds an element that cannot possibly be obtained from outcrop. 1 One can think of HRS as representing the envelope of sedimentary bodies at a scale that depends on the frequency of the survey. The very nature of HRS, however, causes the data set to have a considerable drawback for visualization: it is not possible to view the entire data set at once, simply because there is a data point at every x,y,z-position (a voxel) of the survey, and, in whatever direction one may look at it, there are always voxels that stand in the way of others behind them. A generally used method for overcoming this is to make part of the survey transparent, or opaque, so that another part of the volume becomes visible. In the simplest way of doing this, one just cuts out a sub-cube such that the rest becomes visible. Alternatively, one can extract certain parts of interest in the survey and dismiss the rest. This becomes particularly powerful if object extraction methods are used that isolate certain geological bodies from the rest of the data. In petroleum geology, obviously, the targets of such an extraction are commonly the reservoir layers. There is a large variety of algorithms designed to extract these objects, all adapted from image processing (e.g. Hassibi & Ershagi 1999) . Once extracted, the shape and internal structure of these bodies can be analysed, often visually and with the help of 3D visualization centres. From analogy with sedimentary models, an interpretation is then made of their origin and, if possible, of their reservoir properties.
HRS data also offers the unique opportunity to quantify and parameterise the 3D geometry of these bodies. This is, strictly speaking, not possible from outcrops, although lower and upper bounds for their dimensions can be derived from cliff faces as well as from plan views, or from a combination of the two (Alexander 1992) . The purpose of parameterizing the geometry of geological bodies is to obtain numerical values that can be used for reservoir modelling and prediction. Knowing, for example, the sizes and spacings of point bars in an ancient fluvial system, the volume outside the HRS data set can be populated with improved confidence. The goal of this paper is to describe an approach developed for doing this using an HRS data set from a fluvio-estuarine setting and recent fluvial systems thought to be reasonable analogues.
Data set
The HRS data set used here is from the Tambaredjo oil field in Suriname (Guyana Coast, South America), operated by Staatsolie Maatschapij Suriname N.V. (Wong 1998) . The survey was acquired in 2001 over about 80 km 2 with a bin size of 6.25 m in both lateral directions, and a depth resolution of 2.5-4 m. The reservoir is in the Paleocene fluvio-estuarine Saramacca Formation at an average depth of 350 m and contains heavy oil. Data from more than 500 wells drilled at a spacing of 200 m were also available and proved crucial for validation. The HRS data set was pre-stack migrated and processed with a focus on obtaining optimal data at the depth of interest. An inversion to acoustic impedance was made using well data as control points. Furthermore, an interpretation was made by the operating company for the main horizons, which, in stratigraphically ascending order, are: (1) the top of the Cretaceous, which is a significant regional unconformity; (2) the T 1 and T 2 reservoir sands, both of which are laterally highly discontinuous; and (3) the 'hardebank' (Dutch for 'hard layer'), a laterally extensive limestone layer above the two reservoir sands that causes a very strong acoustic reflection because of its relatively high density compared with the surrounding rocks. The Paleocene is essentially contained between the first and third seismic reflectors and has on average a thickness of 40 m, indicating that this is a sequence with very low accommodation space (cf. Hardage et al. 1996) . Figure 1 shows a perspective view of the 'hardebank' reflector over the whole area with selected wells shown as vertical lines. The surface is shaded as a function of the reflected amplitude. It shows a general northward dip and subtle but distinct topographic features, mostly in the form of an east-west striking fault that offsets the northern block downward with respect to the southern block. Such faults are typical in the northern part of the Guyana shield (Wong 1976 (Wong , 1998 . The figure also illustrates the slightly undulating character of the surface, which is caused by secondary small-scale faulting, differential compaction and slight tectonic folding. On time slices, this deformation makes it very difficult to identify sedimentary bodies, as one continually changes into different stratigraphic levels. It has become clear, however, that the faulting is to a significant degree syn-sedimentary, and that it has considerably influenced the fluvial drainage system during Paleocene times (Leeder 1993) . While the upthrown (southern) blocks commonly display a channelized drainage pattern, in the downthrown blocks a much more dispersive pattern can be observed with east-west oriented valley-fills at the foot of the faults, such as the dark area in Figure 1 . From these larger sedimentary units geological bodies were identified and extracted by processing the seismic images using a variety of 3D low-level . North is to the right (arrow). Notice the subtle northward tilt of the surface with a normal fault and associated changes in the seismic reflectivity, indicating fault-controlled sedimentation. Lighter shades represent higher acoustic reflectivities.
image processing techniques and high-level pattern recognition methods.
Construction of the GeoTime cube
Because of the irregular shape of the geological markers and the numerous small-scale faults, geological object extraction proved exceedingly difficult. It was therefore decided to create a new volume wherein the 'hardebank' marker and the Top Cretaceous marker represent the top and the bottom of the volume. These two markers are flattened and the data in between is interpolated so that the volume contains an equal number of data points at each geographic location. If one assumes, to a rough approximation, that within this limited volume the two bounding markers are equivalent geologic time markers, then the vertical distance in between represents geologic time, albeit not in a linear fashion since the sedimentation rates certainly have varied throughout the Paleocene. This method of creating a seismic volume in which the vertical axis is geologic time is a full 3D version of the 'stratal slicing' proposed by Zeng et al. (1998a, b) and of the 'proportional slicing' discussed by Posamentier et al. (1996) . Stark (2004) also refers to a volume in which the vertical axis is 'relative geologic time' and which he recommends as a method for detailed sedimentological interpretations of seismic data.
The interpolation of the data between the two delimiters can be done using different methods such as nearest-neighbour interpolation, linear interpolation or spline interpolation. Because the interval to be interpolated is very small (ranging from 15 tõ 30 m), choosing the spline interpolation turned out to be very effective. The resulting volume is called the GeoTime cube, and its thickness is a parameter that can be freely chosen. Possible choices are: the minimum time difference, the maximum time difference or any other value in between. In order to avoid aliasing in the resampling process, the maximum thickness is preferred. The procedure is thus nothing more than the horizon flattening commonly used in seismic interpretation, but here it is done on two seismic reflectors simultaneously (Fig. 2) . The only purpose of this procedure is to facilitate the tracking of sedimentary elements, and to extract them subsequently. Ideally, any regional dip present during deposition is eliminated (i.e. set to zero) and all post-depositional deformations such as faulting or folding are undone by the flattening of the two delimiters. In practice, however, this is a very delicate operation both processing-and interpretation-wise. The method is applicable when prominent seismic markers are likely to have been deposited over relatively short geologic times, but it is to be avoided when prominent clinoforms or unconformities are present. Inaccurate horizon tracking of either delimiter can lead to unwanted and exaggerated distortions on the GeoTime cube. In general, the method is considered more applicable in areas where vertical aggradation is dominant and where the vertical interval is small. The procedure is reversible, i.e. once extracted the vertical dimension of the objects can be restored into twoway travel time or depth. For proper volumetric calculations, this reverse step is a necessity but in order to complete it, a record of the mapping function from original seismic data to the GeoTime cube has to be kept.
Object extraction
Artificial neural networks (ANNs) have previously been used to cluster and classify seismic volumes (Aminzadeh et al. 1999; Poulton 2001) . In experiments using unsupervised ANNs it became clear that a combination of seismic attributes from the Paleocene interval can successfully be used to segment the entire data set into regions corresponding to different depositional settings, such as channelized fluvial belts or mud-prone floodplains. The principal goal, however, is to extract the essential building blocks of these depositional environments. Two approaches were found to be particularly suited for this task: seismic classification using trained (or supervised) ANNs and voxel growing. The supervised ANN used is a feed-forward back-propagation multi-layer perceptron which is trained using a set of control points. The latter is selected from well data where the lithologies can be accurately determined from core and log data. These control points are considered the ground truth, and hence the training targets for the ANN. Five lithologies are distinguished: limestones, lignites, shales and the two reservoir sands (T 1 and T 2 ). The training set for the neural network consisted of the known lithofacies at a number of well locations, and their corresponding instantaneous seismic attributes (Yilmaz 1987) . Instead of the original seismic reflection data, the inverted acoustic impedance data was used because it contains information that is more directly related to lithological and petrophysical properties. Through trial and error the following seismic attributes were found to be best suited: seismic energy, Laplace edge enhancement, velocity fan, mathematical difference stack, amplitude average and a Laplace filtering on similarity (Aminzadeh et al. 1999) . Typically, these attributes are computed using sliding windows covering 2 ϫ 2 ϫ 2 or 3 ϫ 3 ϫ 3 data points. Once trained, the ANN then determines for every voxel a probability for each of the five lithologies. Post-processing evaluates the most likely lithology, whereby neighbourhood criteria are taken into account in order to reduce the number of isolated voxels. The output of the neural network is a 3D probability cube for each lithology.
An HRS area of approximately 3 km 2 was selected to test the supervised ANN segmentation. Although small, the area has a high number of wells (27) with good wireline logs and it contains a sufficient variety of lithologies as well as synsedimentary faulting. Figure 3 shows the classification result for the T 2 sand. It illustrates that the sand is by no means a continuous sand body, but that it consists of many small patches, some of which have distinct shapes that can be geologically interpreted. For example, the sickleshaped body indicated by an arrow is interpreted as a point bar. There is a clear westward thickening trend of the sandstone with a concurrent welding, or amalgamation, of the sandstone bodies.
The second method used to extract geological objects is a 3D growing algorithm tool developed by Myers & Brinkley (1995) and implemented in the 3D visualization software 2 used here. A voxel belonging to the object to be segmented is defined as a seed point, and the range of allowed variation in both the vertical and the horizontal directions is defined for the growing process. The algorithm then searches in all directions and identifies spatially connected voxels within the specified range as belonging to the object. The growing can be limited by defining an area or surfaces beyond which the growing is not allowed to proceed. The method was applied to acoustic impedance as well as seismic reflection data. Figure 4 shows a channel identified with this method. It has two areally extensive appendices that are interpreted as crevasse splays.
In general, it was found that channel segments are often missing due to erosion or (to a lesser degree) data acquisition problems, such as in the topmost   175  176  177  178  179  180  181  182  183  184  185  186  187  188  189  190  191  192  193  194  195  196  197  198  199  200  201  202  203  204  205  206  207  208  209  210  211  212  213  214  215  216  217  218  219  220  221  222  223  224  225  226  227  228  229  230  231  232 part of the channel shown in Figure 4 (arrow). In order to complete the channel path and thus be able to continue the search for its continuation in the data set, a cubic spline is fit to the channel axis. Points where the channel curvature is either maximum or minimum are selected, and a spline is fitted through these points, defining the channel axis also over the missing pieces (solid line in Fig. 4) . As long as the missing gaps are not too long, this method is found to give visually acceptable results. If, however, an inflection point is missing, the fit can become relatively poor.
Parameterization of geological objects
The geological objects extracted from the data set very often had been partially eroded or otherwise affected by post-depositional processes such that they do not form shapes that can be quantitatively described in a simple way. Since parameterization is a principal objective of this work, it was decided to analyse recent systems that are much less affected by erosion and tectonics and that are thought to be suitable analogues. They are studied with the aid of aerial photographs and satellite images. Figure 5 shows a satellite image of the Cosewijne River, located a few kilometres south of the Tambaredjo oil field. It is one of many rivers that flow from the Guyana shield northward into the Atlantic Ocean. These rivers currently do not carry large sediment loads, mostly because the hinterland consists of basement rocks that erode very slowly (the Precambrian Roraima sandstone formation has been largely eroded in Suriname), but also because accommodation space is low under the present high sea level conditions. These rivers meander through mud-rich flood plains in their lower reaches, but they show accretion surfaces that indicate point bar developments, perhaps formed at times of greater accommodation space. The present situation is, therefore, to some degree comparable to the one during the Paleocene, although the large amounts of clay transported with the Guyana current from the mouth of the Amazon contrast with the situation during the Paleocene, when clastic supply from the Andes was not yet effective.
Recent analogues
Other analogues are found in areas where accommodation space is greater and sand bodies could better develop, such as the Western Siberian Lowlands. In this vast region there are numerous meandering rivers that range from small to very large. Figure 6 shows a single, abandoned meander loop next to the currently active river in the vicinity of the town of Omsk. The snow highlights the accretion surfaces of the abandoned loop, indicating that the entire inner bend belongs to the point bar. This example can therefore be used to evaluate suitable parameterization method for point bars, which are the principal sedimentary deposits of meandering rivers (Miall 1996 in Figure 7 , the path of a meandering river can be followed over 10 meander loops, each of which shows point bar accretion although not as clearly as in the previous figure. This example can be used to parameterize the channel as well as the point bars.
Parameterization of channels
Natural cubic splines (Lee 1989; Farin 1997; Kharab & Guenther 2002) are suitable descriptors for modelling the paths of sinuous rivers. The natural cubic spline is an interpolation method that connects two adjacent control points. In contrast to other curve fitting methods each curve segment has a unique equation, while still constraining the curve to fit the data properties at the control points. At these control points the spline is continuous and twice differentiable, a property that is needed for computing the curvature along the path of the spline. The average width of the river is easy to measure on the images and, for the sake of simplicity, is here assumed to be constant over the area analysed. A number of properties can be obtained from the spline fit, but the focus of attention is on the variations of the curvature along the channel path. Additional properties to be derived from the imagery include the main drainage trend of the meander belt and the sinuosity of the river (defined as the distance along the channel axis over a certain interval divided by the distance from the beginning to the end point of the interval). Figure 8 shows two natural cubic spline fits to the channel of Figure 7 . The fit at the top uses a large number of control points, while the fit at the bottom uses a much smaller number. In the second case, only those points with maximum curvature and the inflection points between the left and right turning loops are used. The second curve still offers a very good description of the river path and is represented by the spline coefficients and the coordinates of the control points only. As is observed, all relevant features are present in the second curve despite this sparse representation.
The parameterization of ancient rivers starts with the extraction of channel voxels in the HRS volume. They are identified using the GeoTime cube and   291  292  293  294  295  296  297  298  299  300  301  302  303  304  305  306  307  308  309  310  311  312  313  314  315  316  317  318  319  320  321  322  323  324  325  326  327  328  329  330  331  332  333  334  335  336  337  338  339  340  341  342  343  344  345  346 image filters that reduce noise and sharpen edges (Gonzalez et al. 1992; van Vliet 1993; Soillé 1999) such that the identification and extraction of geological bodies becomes easier. The coherency enhancing diffusion filter (Weickert 1999), when applied to a uniform filtered image, gave good results with the acoustic impedance cube. Next, the identified channel voxels are modelled as curvilinear objects with the central path described by natural cubic splines. 
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The channel width is determined by analysing the voxel properties perpendicular to the channel axis. The shape of the channel has been extracted with one of the methods described earlier, and the procedure now consists of finding intervals within which the borders, determined by the voxel growing method do not change significantly. Plotting the amount of voxels grown for selected cross sections while varying the growing parameters yields an approximately constant interval in the resulting curve. The average across this interval is then taken as the local channel width. A possibility is to carry this calculation out at every control point used for the spline fitting, or alternatively to calculate it for the entire interval. In Figure 9 , a channel is shown as an ensemble of voxels extracted from the seismic data set (top), and the channel representation with a minimum number of parameters from the cubic spline fit and a constant channel width (bottom). This average channel width has been determined by analysing the number of voxels that fall within the object for a given range allowed by the voxel-growing algorithm and determined by the user. By increasing the range, the channel volume will also increase. When plotting these two variables against each other, an interval can be seen where the volume hardy grows when increasing the range (Fig. 10) , indicating that these are the natural boundaries of the channel. The average width within this range is then taken as the channel width along the entire interval. Figure 9 also shows that, despite this simple approximation, the comparison between the originally extracted channel and the parameterized model is reasonably good. However, important considerations are that the modelled channel is continuous, i.e. the missing segments have been adequately filled in, and the model representation is several orders of magnitude smaller than the seismic data. In cases where the path of the channel cannot be modelled with a single spline curve, it is recommended to subdivide the path into small segments that can be modelled using a single spline. This subdivision can be complex, but is important for the connectivity in case the channel fill is a reservoir.
Curvature along the river path
The considerable natural variation in sinuosity 407  408  409  410  411  412  413  414  415  416  417  418  419  420  421  422  423  424  425  426  427  428  429  430  431  432  433  434  435  436  437  438  439  440  441  442  443  444  445  446  447  448  449  450  451  452  453  454  455  456  457  458  459  460  461  462  463  464 I. R. RABELO ET AL. 128 Fig. 8 . Curve generated by the natural cubic spline interpolation to model the river channel of Figure 7 using a large number of control points (top) and a minimum set of points (bottom). Notice that one loop is truncated at the bottom of the figure. systems (e.g. Reading 1986 ), although the causes for rivers developing sinuous courses are still not fully understood. Variation in sinuosity is equivalent to variation in the curvature of the curve that fits the river path. The curvature of a curve is mathematically defined as the rate of change per unit length of the direction of the curve (Weisstein 2002) . The simplest form of curvature is an extrinsic curvature. In two dimensions, let a plane curve be given by Cartesian parametric equations c:
Then the curvature is defined by
where R is the set of real numbers; x, y are the Cartesian coordinates of the curve c; t is the parameter for curve interpolation (Lee 1989) ; is the tangential angle and s is the arc length. As can be seen from the definition, curvature has a unit of inverse length, and the sign of the curvature allows discrimination between changes in clockwise and counterclockwise directions. For parametric curves as produced by our splines, the term d/dt is eliminated and the curvature expressed as a function of first and second derivatives of x and y with respect to t:
Special attention to the computation of the curvature (t) was paid, not only because curvature is an indicator of the amount of bending of the curve at every position t along the river path, but also because one of the goals of this work was to study the sediment deposition at the inner bank of the river bends. If the curvature at every point of a river path segment is zero, then the path is a line segment with no 'bending'. If the curvature at each point of a specific segment along the river path is constant, the river path follows a circular arc. The sediments deposited at the bends form point bars, which can form important hydrocarbon reservoirs. The computation of the derivatives that constitute the curvature can be taken at various scales (Witkin 1983; Koenderink 1984) . The derivative at scale is defined as (3) where has the dimension length, * denotes the convolution operation and g(t,s) is a normalized Gaussian function:
Using the derivatives at a particular scale allows selection of the proper curve interval for the calculation, i.e. focussing on the meandering loops rather than insignificant local variations caused by noise. This scale parameter will therefore be adapted to
the inherent dominant size of the river's turns. This works as a feature selection process and yields a robust result that is also independent of the initial set of control points. The radii of curvatures along the river path are plotted in Figures 11 and 12 for the two recent rivers, and for the ancient channel extracted from the seismic volume in Figure 13 . The radius of curvature is defined by (5) which preserves the sign of the computed curvature. At a given point on a curve, R is the radius of the osculating circle.
From Figures 11-13 it can be seen that for the scale parameter ϭ 5, 7, 10 the curvature is equal or close to zero in the straight-line segments and inflection points between left and right turns. This means that the limit of the radius of curvature goes to infinity in those regions. Otherwise the radius of curvature has a finite value and is approximately constant. From this it is concluded that the meander loops can be approximated by circle segments whereas their connections can be approximated by straight-line segments. A manual fit of circles to 523  524  525  526  527  528  529  530  531  532  533  534  535  536  537  538  539  540  541  542  543  544  545  546  547  548  549  550  551  552  553  554  555  556  557  558  559  560  561  562  563  564  565  566  567  568  569  570  571  572  573  574  575  576  577  578 meander loops is shown in Figure 14 . The sum of the lengths of the circular arcs fitted to all meander loops determines the sinuosity, which here is found to be larger than /2. This is very high, indicating that the two ends of a loop get fairly close together. At a certain moment channel cut-off occurs; the migrating river will abandon the loop and find a new path, after which the process repeats itself.
Parameterization of point bars
Point bar deposits are formed by sedimentary accretion on the inner bank of a meander loop. They have a corrugated accretionary topography, the scroll bar, which results from episodic lateral accretion (Schumm 1977; Reading 1986 ; see also 581  582  583  584  585  586  587  588  589  590  591  592  593  594  595  596  597  598  599  600  601  602  603  604  605  606  607  608  609  610  611  612  613  614  615  616  617  618  619  620  621  622  623  624  625  626  627  628  629  630  631  632  633  634  635  636  637 river channel that evolved through time until the meander loop was abandoned. From the previous analysis it was concluded that meander loops can be modelled with a circular segment. If a point bar is defined as the sedimentary deposit between an initial and a final position of the meander loop, then its outline can be modelled with two intersecting circles segments, forming a crescent as shown in Figure 15 . It is defined by four parameters: the two centres of the circles (indicated by c1 and c2); and their two radii. In practice, however, these parameters cannot be directly determined. Rather, the outline of the deposit has to be determined and a fit of two circles has to be made to this outline. Ideally, three points are needed to define the position of a circle, or six points to define two circles. If, however, two of these points are chosen at the end points of the crescent, then they are common to both circles and the outline of the point bar can be determined from four points alone (Rivera Rabelo et al. 2005) . These four points are indicated as P1-P4 on Figure 15 . The approach can be tested with the point bar from Figure 6 . For each distinct accretion line, a circle is fitted by choosing several points along it.
The result is shown in Figure 16 . Not all accretion surfaces are well fitted by the circles, because the depositional process varies over time, but the overall match is considered satisfactory. There are a few interesting observations to be made from Figure 16 . First of all, the circle centres, indicated by numbers on the image, shift along an almost straight line. Secondly, the circle radii grow slightly as the meander loop evolves over time. There is also an area in the southwestern (lower left) area where the fit is less good because the accretion surfaces appear more elliptical than circular, but this area covers less than 10% of the total area of the point bar.
The sequence of circle centres in Figure 16 can be considered the axis of accretion, or the line along which the centre of the meander loop shifts. As a consequence of this migration, together with the observation that the radius of the meander loops increases with time (Fig. 17) , the sinuosity of the river increases with time. The circular segments fitted to the loops increase for each successive accretion episode, meaning that the river erodes successively more of the older sediments. This is clearly visible in Figure 16 , where considerably less than a semi-circle is preserved of the first accretion surface to which a circle was fitted, while slightly more than a semicircle is currently being deposited, as shown by the last (rightmost) circle. These active depositional areas are visible as white sandbanks on Figure 7 . A fit of successive circles to the meander loops of that river is shown in Figure 18 . Again, most meander loops are seen to grow in size over time, and most circle centres follow a more or less rectilinear path. 697  698  699  700  701  702  703  704  705  706  707  708  709  710  711  712  713  714  715  716  717  718  719  720  721  722  723  724  725  726  727  728  729  730  731  732  733  734  735  736  737  738  739  740  741  742  743  744  745  746  747  748  749  750  751  752  753 754 Fig. 13 . Radius of curvature along the channel extracted from the seismic data (Fig. 9 ) computed with scale parameter s ϭ 10 as a function of river path (in arbitrary units). Numbering of meandering loops on map (top) is the same as on the cross-plot (bottom).
Fig. 14. Circles fitted to the meanders loops of the river in Figure 7 . The fits are good for close to half a circle for many meander loops, indicating very high river sinuosity. Notice that most connections between meander loops are short and can be approximated by straight lines.
The average local flow trend of the channel belt in a meander loop can be defined as being orthogonal to the axis of accretion. This line is parallel to the connection of the end point of the point bar crescent (points P1 and P2 in Fig. 15 ). Connecting these lines from a number of successive meander loops, or point bars, gives the average flow trend of the river. Another way of determining the general flow trend is by connecting the circle centres of the most recent accretion surfaces, shown in Figure 19 by thin white lines. The average of these individual directions over the entire area gives the regional flow or drainage trend and is indicated the thick white line.
The procedure can be applied to ancient point bars. From the data set (specifically from ANNs outputs volumes classified as sand units), several point bars are identified. They are extracted from horizontal slices of the GeoTime cubes as features with crescent shapes. The lower sandstone interval, the T 1 reservoir, has a high degree of amalgamation and significant erosion that makes it poorly suited for this purpose. The higher T 2 layer shows more isolated channels and associated point bars. Four point bars extracted from it are shown in Figure 20 . After extraction of these geological bodies, circles are fitted to the inner and outer limits of the crescent. It is obvious that not all point bars are complete crescents, but that some parts are missing. This happens commonly at either end point and is likely caused by erosion. It is, therefore, not possible to determine the end points of the crescent as suggested in Figure 15 , and other points along the two circle segments must contribute to the best fit of the two circles. Therefore, points are chosen along the inner and outer boundaries of the crescent, and two circles are fitted as shown in Figure 20 755  756  757  758  759  760  761  762  763  764  765  766  767  768  769  770  771  772  773  774  775  776  777  778  779  780  781  782  783  784  785  786  787  788  789  790  791  792  793  794  795  796  797  798  799  800  801  802  803  804  805  806  807  808  809  810 trend, a northward average flow direction is obtained (towards the left in the figure) . The alternate solution, towards South, is dismissed for regional geological reasons. The extracted point bars also give a very good idea of their average size as well as their volumes. These parameters are important inputs for stochastic models of such reservoirs and are summarized in Table 1 .
Discussion and conclusions
Modern analogues and an adaptation of stratal slicing in the form a the GeoTime cube were used to develop a methodology for describing and parameterizing channels and point bars extracted from a HRS data set. The calculated shape and curvature parameters of the channels allow prediction and extrapolation of them beyond the seismic survey. A simple point bar model is derived from the curvature parameters obtained from ancient channels and recent analogues. It is applied to point bars extracted from the seismic data set and forms the basis for stochastic modelling of similar reservoirs. From the accretion lines of the point bars the average drainage trend of the fluvial system can be determined. Along this trend point bars can be placed outside the control area to build a reservoir model. The volumes of point bars obtained form an important basis for the calculation of hydrocarbon reserves.
A next step in this work is to determine the lithofacies of the objects and analyse the relationship between the intrinsic petrophysical properties and the geomorphology of these geological bodies. The large number of wells available can be used as 'ground truth'. The work can also be extended to include crevasse splays and other potential reservoir elements. This work can also be extended to include other depositional environments in which the individual building blocks of the sedimentary succession can be identified from HRS .   871  872  873  874  875  876  877  878  879  880  881  882  883  884  885  886  887  888  889  890  891  892  893  894  895  896  897  898  899  900  901  902  903  904  905  906  907  908  909  910  911  912  913  914  915  916  917  918  919  920  921  922  923  924  925  926  927 928 Fig. 19 . Connecting the centres of the most recent accretion surfaces of the meander loops (thin white lines) and averaging them gives the average flow direction of the river system (thick white line). 
